We report here experimental evidence of electron oscillation within the toroidal-section magnetic duct of a filtered vacuum arc plasma source. Our results clearly demonstrate that electrons can oscillate inside the duct under the combined effects of the electric and magnetic fields. In another experiment, we observe that, under the influence of the electron motion, the trajectories of the plasma ions are more or less unchanged except in the intensity when the Bilek plate is biased. Finally, our time-of-flight experiments show that the effects due to collisional scattering between plasma ions and oscillating electrons are masked by those associated with the metal plasma flow through the duct, and collisional scattering does not give rise to an increase of the mean charge state of the plasma ions. We conclude that the application of a bias voltage to the duct not only perturbs the ions but also influences the plasma electrons. Our results demonstrate that electrons at the central axis are one of the major reasons leading to improved plasma transport through the duct. Vacuum arc deposition is a widely used, plasma-based technology for the fabrication of thin films and coatings. [1] [2] [3] [4] Metal plasma in abundance is produced at the cathode of the arc, pluming away from the solid electrode in a way reminiscent of a laser-produced plasma. The technique provides a versatile and powerful plasma tool for the synthesis of novel and technically important surfaces. A negative feature of this way of producing metal plasma is that the plasma stream is contaminated with ''macroparticles''-droplets of resolidified cathode debris of dimensions in a broad range from 0.1 to 10 m. The macroparticle contamination in general leads to imperfect films, and it is often important to remove this contamination with a ''macroparticle filter.'' 4,5 A typical filter consists of a curved solenoidal magnetic duct, with field strength typically several hundred gauss to perhaps 1 kG, and angular extent ͑bend angle͒ of typically 45°-°90°. [6] [7] [8] [9] One drawback of the magnetic duct is its low plasma transport efficiency and the consequent reduction of usable plasma flux. In order to increase the plasma throughput, the duct wall area is often positively biased, either in toto or by using an electrode facing the plasma on the outer quadrant of the duct inner surface ͑the Bilek bias plate͒. 10, 11 Electron motion inside the duct of the vacuum arc metal source is an important factor. Because the mean ion charge state is typically between two and three, the electron density is corresponding typically two to three times that of the ion density. 12 The electrons, having a cyclotron orbit size that is small compared to the duct minor radius, are magnetized and thus follow the magnetic field lines. Previous theoretical simulation work predicted that under the combined effects of the electric field ͑created by the bias plate͒ and magnetic field ͑created by the duct coils͒, electrons will oscillate, traveling back and forth along the duct central axis.
Metal plasma in abundance is produced at the cathode of the arc, pluming away from the solid electrode in a way reminiscent of a laser-produced plasma. The technique provides a versatile and powerful plasma tool for the synthesis of novel and technically important surfaces. A negative feature of this way of producing metal plasma is that the plasma stream is contaminated with ''macroparticles''-droplets of resolidified cathode debris of dimensions in a broad range from 0.1 to 10 m. The macroparticle contamination in general leads to imperfect films, and it is often important to remove this contamination with a ''macroparticle filter.'' 4, 5 A typical filter consists of a curved solenoidal magnetic duct, with field strength typically several hundred gauss to perhaps 1 kG, and angular extent ͑bend angle͒ of typically 45°-°90°. [6] [7] [8] [9] One drawback of the magnetic duct is its low plasma transport efficiency and the consequent reduction of usable plasma flux. In order to increase the plasma throughput, the duct wall area is often positively biased, either in toto or by using an electrode facing the plasma on the outer quadrant of the duct inner surface ͑the Bilek bias plate͒. 10, 11 Electron motion inside the duct of the vacuum arc metal source is an important factor. Because the mean ion charge state is typically between two and three, the electron density is corresponding typically two to three times that of the ion density. 12 The electrons, having a cyclotron orbit size that is small compared to the duct minor radius, are magnetized and thus follow the magnetic field lines. Previous theoretical simulation work predicted that under the combined effects of the electric field ͑created by the bias plate͒ and magnetic field ͑created by the duct coils͒, electrons will oscillate, traveling back and forth along the duct central axis. 13 Some of the electrons are confined within the duct tube, and the distribution of ions at the duct exit is consequently more peaked on axis. The oscillating electrons increase the chance of collisions and ion scattering, and hence, the mean charge state of the ions transported through the duct will increase. 13 Here, we present experimental evidence on this predicted phenomenon. Three sets of experiments were conducted using our multipurpose plasma immersion ion implantation equipment. 14 In the first experiment, electrons generated from a hot filament were allowed to diffuse into the duct. Our results show that, in the absence of any influence of positive ions, the electrons can be trapped inside the duct by the combined effects of the electric and magnetic fields, thereby verifying that electron oscillation indeed occurs in the duct. In the second experiment, the metal plasma output was monitored by observing the deposition patterns with and without a positive voltage applied to the duct wall, and the results show that electrons were concentrated on the central axis of the duct. Finally, we carried out time-of-fight experiments to assess the charge state composition of the transported titanium plasma ͑Ti ϩ , Ti 2ϩ , and Ti 3ϩ ͒. We did not observe any increase in the mean charge state of the transported plasma ions, and conclude that collisional scattering between the streaming ions and oscillating electrons is overwhelmed by the high axial drift of the metal plasma. A schematic of the experimental setup for the first experiment is displayed in Fig. 1 . The filter duct was a 45°s olenoidal section with a Bilek bias plate covering a quarter of the inner area of the duct wall on the large-major-radius side. 10, 11 Electrons generated by a nearby hot filament diffused into the duct. A metal aperture limiter was positioned axially halfway along the length of duct, and the electrons were able to pass through the center hole. The surface of the limiter facing the vacuum chamber was insulated by plastic. Thus, only electrons hitting the metal aperture limiter from the ''backside'' could be detected. The backside voltage V was measured for different magnetic field strengths and bias voltages and the results are depicted in Fig. 2 . At zero magnetic field strength, the backside voltage does not vary with the bias voltage ͑the error in the backside voltage measurement is estimated to be around 5%͒. This voltage arises mainly from the random motion of electrons that have diffused through the aperture. The Bilek plate bias voltage does not affect the measured current for zero magnetic field strength. We observe an increase in the backside voltage with increasing magnetic field strength, with a maximum at around 240 G. This is because the magnetic field guides the electrons along the central axis of the duct, but still with sufficient transverse electron motion so that the electrons can impact the backside of the collector plate. However, as the magnetic field strength is increased further to 360 and 480 G, the electron motion is dominated by the magnetic field, and the transverse motion to the plate at larger off-axis radius is minimal. We also find that the backside voltage increases with the bias voltage in the presence of the magnetic field. From the literature, we know the electric and magnetic fields form a simple harmonic field trap for the electrons with the electrons oscillating back and forth along the central axis of the duct and, moreover, the EϫB force causes the electrons to drift to the inner wall of the duct. 13 Therefore, as the bias voltage and field strength are raised, more electrons are trapped, and the electron drift away from the central axis increases as well. Consequently, the electron current collected by the backside metal plate increases and so does the backside voltage. Our experiments clearly illustrate that electrons can be trapped in the filter duct in the presence of the electric and magnetic fields of the duct.
In the second set of experiments, plastic transparencies were placed at the duct exit plane to ''collect'' the Ti metal ions. By examining the deposition pattern, 10 we can investigate the influence of the bias voltage and magnetic field on the metal plasma. Typical Ti ion deposition patterns are exhibited in Fig. 3 . In Fig. 3͑a͒ , the pattern was formed using a duct magnetic field strength of 240 G with no Bilek bias for 5 min. When a 15 V bias voltage is applied to the Bilek plate located at the bottom of the filter duct covering a quarter of the inner area of the duct wall, an overall thicker film with a shiny Ti spot is observed at the center of the duct exit after 5 min as shown in Fig. 3͑b͒ . We wish to remark that the higher film density at the center of the deposition area is more clearly seen on the actual plastic transparency than is seen in the printed figure. The deposited Ti layer is thick enough to reflect light displaying a shiny, mirror-like central spot. The higher ion flux is due to the bias field of the Bilek plate inserted at the bottom of the duct ͑the outer radius region͒. 10, 11 Except for the fact that the metal film shown in Fig. 3͑b͒ is denser in the center region than that in Fig. 3͑a͒ ͑without a duct wall bias͒, these two deposition patterns have similar shape and size. The results are quite unexpected considering that the Bilek plate is positioned on the bottom of the duct wall and, when it is biased, the deposition pattern should have been skewed by this asymmetrical electric field. To further investigate the phenomenon, we acquired deposition patterns at longer deposition times of 10 and 40 min, and the Ti plasma spot at the center gets clearer, as shown in Figs. 3͑c͒ and 3͑d͒ . The center spot shows that ions are concentrated toward the middle of the deposit pattern, which is the axis of the duct. The bias plate does not cover the whole internal area of the duct but only covers a quarter of the internal area at the bottom of the duct. The electric field should have forced the positive ions to the top of the duct, but we observe ions being concentrated at the center of Figs. 3͑b͒-3͑d͒ and that Ti ions have not spread to the top region. The triangular shape of the center spot is intrinsic to the filter duct since we also observe the triangular shape of the pattern in Fig. 3͑a͒ . We can explain the effects as follows. In the presence of a magnetic field, the electrons are magnetized and follow the magnetic flux direction. The ions follow the electron motion due to the internal electric field of the plasma ͑the ambipolar field that is established͒, i.e., due to plasma optics effects. 6 At the duct exit, the magnetic flux expands radially outwards ͑i.e., into the fringing field of the duct solenoid͒ and the electron flow diverges. Therefore, the ions deposit more or less uniformly on the transparency, as in Fig. 3͑a͒ . When a bias voltage is applied in addition to the magnetic field, the deposition patterns unexpectedly do not change significantly with the exception of the intensity as shown in Figs. 3͑b͒-3͑d͒ . The phenomenon can be attributed to the electrons trapped inside the duct and oscillating along the central axis as verified by our first experiment, because as expected from plasma optics, the metal ion trajectories are affected by those of the electrons.
Finally, we investigated the charge-state distribution ͑CSD͒ of the transported Ti plasma using time-of-flight ͑TOF͒ mass spectrometry. The TOF hardware and procedures are described elsewhere. 15 Most of the TOF measurements were made at least 100 s after arc ignition. In these experiments, we used a 90°duct with a bias plate covering half the area of the duct wall at its outer radius. The vacuum arc metal plasma consisted mainly of Ti ϩ , Ti 2ϩ , and Ti 3ϩ , and the charge-state distribution and mean charge state of the transported Ti ion plasma are shown in Fig. 4 as a function of the bias voltage. The duct magnetic field was 240 G. Each data point shown is the average of over 50 plasma pulses. It can be seen that the relative amount of Ti ϩ increases with higher bias voltage. This indicates that, at a higher bias voltage, the transport efficiency is better for the singly charged Ti ϩ ions. The mean ion charge state steadily diminishes as the bias voltage is increased. We hypothesize that collisional scattering between the ions and oscillating electrons is masked by the transport behavior of the streaming metal plasma.
We have carried out experiments verifying and investigating the electron motion inside the magnetic filtered duct under the influence of electric and magnetic fields. In the first experiment, the existence of electron oscillation in the duct is experimentally confirmed. In the second set of experiments, the plasma deposited pattern 7 can be explained by the influence of the oscillating electrons in the duct. In our time-offlight study of the charge-state distribution of the transported ion species, we can conclude that collisional effects are too weak to lead to measurable changes in the mean ion charge state of the plasma and are masked by the transport behavior of the high drift velocity streaming metal plasma. 
